Abstract-In this paper the numerical and experimental investigations of four-port circulator utilizing longitudinally magnetized cylindrical ferrite coupled lines (CFCL) section are presented for the first time. In comparison to earlier models the proposed structure of circulator utilizes multilayer magic-T junction cascaded with cylindrical ferrite section of π/4 Faraday angle. The advantage of utilization of cylindrical section over the planar one is the possibility to design shorter ferrite junctions ensuring lower insertion losses. Moreover, the multilayer magic T-junction allows to improve performance of the proposed circulator by omitting the bandwidth limitation which exists in commonly used hybrid couplers with air-bridges. In the analysis of CFCL junction the full wave hybrid approach combining finite difference frequency domain method with method of moments and mode matching technique is applied. The planar feeding structures of circulator are designed with the use of commercial software. The simulated results of the entire circulator are compared with the measurement results of the fabricated prototype and a good agreement is achieved.
INTRODUCTION
The novel class of integrated nonreciprocal devices such as isolators or circulators are the one realized with the use of longitudinally magnetized ferrite coupled lines section (FCL) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Significant interest in these devices results from their advantages such as weak biasing magnetic field and wide operation bandwidth [2] .
The basic part of the ferrite coupled line (FCL) devices is longitudinally magnetized FCL section composed of two coupled lines placed on ferrite substrate [11] [12] [13] . According to the coupled-mode model [12] in such section the gyromagnetic coupling occurs resulting in Faraday rotation effect. In order to construct devices such as circulators [1-6, 9, 11] , gyrators [7] or isolators [8, 10] the FCL section has to be cascaded with reciprocal section providing input signals to the FCL which are either in phase or out of phase.
One group of FCL devices are four-port circulators [2, 9, 11] . In this group two types of circulator can be distinguished. One type comprises of four-port circulators that are obtained by cascading two three-port circulators (see Figs. 1(a)-1(c) ). The other type of circulators is composed of FCL junction cascaded with magic-T junction (see Fig. 1(d) ). The main advantage of the first type is easy to design planar feeding circuit [14] [15] [16] [17] [18] [19] [20] . However, taking into account that such structures involve two ferrite sections, the overall dimensions of four-port device and total insertion losses become high. The second type utilizes only a single ferrite section and as a result the total dimensions of the structure and insertion losses are lower. However, such circulators require feeding structures ensuring even and odd excitation of ferrite junction (e.g., hybrid couplers [11] or magic-T junction [21, 22] ), which realization is more complex in planar line technology. Up to now, four-port FCL circulators have been realized in microstrip [9, 11] or stripline [2] technology. In the case of circulators from Figs. 1(a)-1(c) the best performance was observed for the structure of circulator from Fig. 1(a) for which the average insertion losses were 3 dB with isolation better than 20 dB [9] . In the case of structure from Fig. 1(d) the circulator utilizing hybrid coupler [11] was designed and fabricated. For the fabricated prototype the insertion losses were not better than 4 dB with isolation about 12 dB. Moreover, the existence of air-bridge in hybrid coupler significantly limits the bandwidth of the proposed circulator.
In this paper we present for the first time the four-port circulator utilizing π/4 cylindrical ferrite coupled line junction. The proposed circulator is obtained by cascading multilayer magic-T junction with CFCL junction and output transformer from coupled cylindrical slotlines to uncoupled microstrip lines. The advantage of utilization of cylindrical section over planar one is the possibility to design shorter ferrite junctions ensuring lower insertion losses. Moreover, the multilayer T-junction allows to improve performance of the proposed circulator by omitting the bandwidth limitation which exists in commonly used hybrid couplers with air-bridges. To design CFCL junction with π/4 Faraday rotation angle, the hybrid approach combining finite-difference frequency-domain technique, method of moments and mode matching technique (FDFD/MoM/MM) is applied. Utilizing commercial software HFSS we validate results of FDFD/MoM/MM and design multilayer reciprocal circuits of the structure. The overall scattering parameters of the circulator are obtained by cascading the S-matrices of the feeding circuits and CFCL junction. The simulated results are verified by own measurements of fabricated prototype.
S-MATRIX OF CFCL JUNCTION
In the analysis of CFCL junction we utilize the hybrid technique combining finite-difference frequency-domain method, method of moments and mode matching technique (see Fig. 2 ). At first step of our approach the propagation coefficients and field distributions of fundamental modes occurring in dielectric and ferrite guides are calculated using FDFD/MoM. This is done by determining impedance representation of an artificial cylinder enclosing inner dielectric/ferrite rod with the use of FDFD technique. Then the obtained discrete solution is combined with the analytical fields in the outer region of the artificial cylinder using MoM [23] . As a result a set of homogenous equations is obtained which solution are propagation coefficients and field distributions of modes occurring in the investigated guide. The main advantage of FDFD/MoM technique is its application to the analysis of guides loaded with dielectric/ferrite rod of arbitrary shape (e.g., cylindrical, elliptical). Moreover, in the case of ferrite guides any bias magnetic field (e.g., four-pole bias magnetic field) can be taken into account. The detailed description of FDFD/MoM technique is presented in Section 2.1.
Next, using described in [3] MM technique we determine the scattering matrix of the CFCL junction (see Fig. 2 ). Such junction is realized as a cascade connection of dielectric, ferrite and another dielectric sections of the same geometry differing only with the material parameters of the inner rod. The transverse electromagnetic fields in the dielectric sections are expanded with the use of even and odd dominant isotropic modes. The transverse electromagnetic fields in the ferrite section are expanded by two forward and backward going dominant ferrite modes. By applying the continuity conditions for the tangential field components at the both interfaces between dielectric and ferrite sections, we formulate the scattering matrix including the response of input even and odd isotropic modes. Next, using the symmetry of isotropic waves, the even-odd S-matrix is rearranged in terms of the port waves and finally we obtain the complete scattering matrix of 4-port FCL junction.
FDFD/MoM Approach
The considered cylindrical guide is presented in Fig. 3 . We assume that the guide is loaded with dielectric rod of arbitrary cross-section or ferrite rod of arbitrary cross-section with any-directed biasing magnetic field. In the proposed approach we define artificial cylindrical surface S surrounding the centrally situated dielectric/ferrite rod in the guide, which divides the structure into inner and outer region. In the outer region the fields are expressed using analytical relations [23] . In the inner region the analytical solution is difficult to find due to the complexity of structure, hence the more universal discrete FDFD technique is applied. The tangential components of electric and magnetic fields on the surface S can be defined as follows:
where β is propagation coefficient. The unknown expansion coefficients C
can be related utilizing impedance matrix as follows:
The impedance matrix defines the relation between electric and magnetic tangential field components on the surface S. This allows us to treat the artificial cylinder as a homogeneous rod with the boundary conditions defined by Z-matrix. Combining impedance matrix with the analytical solution in the outer region the propagation coefficients and field distributions of the modes occurring in the considered guide can be easily determined [23] . For the considered problem Z matrix is determined with the use of FDFD technique. This approach was previously applied in [24] to the analysis of waveguide structures and scattering problems. Here this technique is modified to the analysis of cylindrical guides and only its brief description will be here presented. Since, the investigated guide is homogeneous along z-axis the analytical variation of fields along z-axis is assumed in the form e −jβz . As a result the computational domain is discretized only in z-const plane. The Maxwell equations written in a discrete form are expressed as follows:
where P 1,2 are the matrices of derivatives, Q, Q b the matrices of projection, D 1,2 , S 1,2 the matrices of space disrcetization, E, H the vectors of electric and magnetic field probes in the inner area of region I, E b the probes of electric field on the surface S given by (1) and (2), and ε r and µ r the matrices of relative permittivity and permeability, respectively [24] . After simple algebraic manipulation of (4) and (5) we obtain the relation for H with respect to E b which takes the form:
where
Using the orthogonality of e jmϕ function and taking each term of (1) as a boundary condition with arbitrary values of c
pm , separately the unknown coefficients of magnetic field components expressed on surface S as:
can be determined. Now, utilizing coefficients C 
where C E is diagonal matrix and D H is full matrix containing electric and magnetic field expansion coefficients, respectively. To improve the accuracy of FDFD solution in the case of dielectric objects the effective dielectric constant algorithm [25] modified to cylindrical coordinates system [26] is applied. This algorithm assumes that in the mesh cells containing boundaries between regions with two different values of dielectric constants (ε 1 = ε 2 ) the effective dielectric constants are computed and these values are next used to update the ε r matrix. In the analysis of ferrite materials the scheme presented in [27] is applied. In this scheme the mean and centered differentiation operator are combined together to utilize only the fields defined in Yee's grid.
DESIGN OF CFCL CIRCULATOR
The proposed structure of four-port circulator is presented in Fig. 4 . It consists of a cascade connection of magic-T junction, cylindrical coupled slotline junction (CFCL) and multilayer transformer from coupled slotlines to microstrip lines. In the design of the circulator the CFCL junction proposed in [10] and described in Section 3.1 was applied. Taking into account the dimensions of CFCL junction the feeding structures, i.e., magic-T junction and output transformer were designed and presented in Sections 3.2 and 3.3, respectively. The feeding structures were optimized with the use of commercial software HFSS. The overall scattering parameters of four-port CFCL circulator were predicted by cascading scattering matrices of the circulator components. The obtained results are presented and discussed in Section 3.4.
CFCL Section
In the design of four-port circulator the CFCL section presented in [10] was utilized. The angular dimensions of junction were slightly modified to obtain π/4 Faraday rotation angle for the length of ferrite section L = 26 mm at operation frequency f 0 = 8.2 GHz. The optimized values of angular slot and strip widths were ∆ϕ s = 25 • and ∆ϕ p = 15 • , respectively.
In order to show the nonreciprocal behavior of the junction the power density and transversal field distribution in ferrite section were calculated using FDFD/MoM/MM approach and shown in Fig. 5 . From the presented results it can be found that when the π/4 ferrite section is excited with the even mode (see Fig. 5(a) ), the signal at the output (z = 26 mm) is concentrated in one slot of the cylindrical ferrite coupled slotlines. In the case of odd mode excitation of the ferrite section (see Fig. 5(b) ), the power concentrates in the opposite slot of CFCL at the output. For the investigated CFCL junction with ferrite section length L = 26 mm the frequency dependent scattering parameters were calculated and presented in Fig. 6 . From presented results it can be found that the designed section satisfy the amplitude and phase conditions [13] required for proper operation of FCL devices. The amplitude operation condition defined by 3 ± 0.5 dB power division is obtained in frequency range from 7 to 8.4 GHz. Moreover, when port (1) or (2) is excited, the phase difference between output signals appearing in ports (3) and (4) is close to optimal value 0/180 • near the operation frequency 8.2 GHz. The results of analysis using FDFD/MoM/MM technique are compared with the ones obtained from commercial software HFSS and a good agreement is observed.
Magic-T Junction
In order to achieve even and odd excitation of CFCL junction the novel type of magic-T junction shown in Fig. 7 was proposed. This junction is a three-layer structure composed of slot layer (see Fig. 7(d) ) placed between two substrates and two microstrip layers situated at the top and at the bottom of the structure (see Figs. 7(c) and 7(e)). When port (1) of the junction is excited the signals equal in amplitude and phase appear at ports (3) and (4) with port (2) of the structure being isolated (even mode excitation). On the other hand when port (2) of the junction is excited, the signal is coupled from microstrip line placed in a bottom layer (see Fig. 7(b) ) to slotline located in a middle layer of the structure. In this case signals appearing in ports (3) and (4) are equal in amplitude and out of phase (odd mode excitation). In order to obtain high efficiency of the coupling from microstrip to slotline the patches with elliptical shapes were applied. Moreover in order to match the planar circuit to cylindrical junction π/2 impedance transformer was designed. Utilizing the commercial software the dimensions of the structure were optimized for optimal performance of the junction. The simulated scattering parameters of the structure are presented in Fig. 8(a) . From the presented results it can be found that for the considered junction the transmission is equal −3±0.2 dB with reflection losses and isolation better than 20 dB in frequency range from 7.2 to 9.4 GHz.
Output Section
In the output of CFCL junction the transformer from coupled cylindrical slotlines to uncoupled planar microstrip lines was designed (see Fig. 9 ). The configuration of the structure is similar to the one presented in [10] . However, in comparison to [10] the substrate and overlay with low permittivity (ε r = 3.5) were assumed, which allows for better matching of cylindrical section with planar one. Moreover, Magnitude S (dB) using substrates with low permittivity the reduction of phase shift between even and odd mode propagating in planar coupled lines of the structure can be obtained. As a result this allows to increase the isolation between ports (1)- (4) and (3)- (2) required for proper operation of the circulator. The layout of the structure was optimized with the use of commercial software HFSS. The results of simulation are presented in Fig. 10 . It can be found that for optimized transformer the isolation and reflection losses are better than 20 dB in the considered frequency range from 7.4 to 9 GHz. 
Four-port Circulator
The frequency dependent scattering parameters of the circulator were calculated by cascading scattering matrices of its components and are shown in Fig. 11 . From the presented results it can be found that the isolation and reflection losses are better than 18 dB in frequency range from 7.6 to 8.6 GHz. In the simulation of CFCL circulator parameters, the lossless ferrite junction was considered. The losses in FCL devices arise mainly from ferrite section. For the investigated configuration of CFCL junction the ferrite and conductor losses were estimated with the use of commercial software in [10] and were about 0.23 dB.
EXPERIMENTAL RESULTS
The designed circulator was fabricated. The planar layers of the circulator were positioned each other manually with the use of additional markers. The structure of CFCL junction was fabricated by etching the circuit on thin dielectric planar substrate and then folding it on a dielectric/ferrite circular cylinder. Photograph of circulator prototype is presented in Fig. 12 . During the measurements the ferrite cylinder was magnetized with the use of magnet system. The measured scattering parameters of four-port CFCL circulator are shown in Fig. 13 . From the presented results it is seen that the transmission from port (1) to (4) and (3) to (1) is better than −1.5 dB and the transmission from port (2) to (3) and from port (4) to (2) is better than −3 dB in frequency range 7.6 to 8.6 GHz. In this frequency range the isolation between aforementioned pairs of ports is better than 12 dB with reflection losses better than 8 dB. The isolation between ports (1)- (2) and (3)- (4) is better then 10 dB. The higher level of reflection and insertion losses which are observed in It should be noted that the measured fractional bandwidth of circulator is similar to the bandwidth achieved for the planar fourport circulator utilizing hybrid coupler [11] and is equal 20%. The advantage of proposed circulator over the aforementioned planar one are considerably lower insertion losses (1.5 ÷ 3 dB) and dimensions of the structure (printed circuit board: 20 × 65 mm (0.55 × 1.78λ 0 )). For the structure from [11] the measured insertion losses at operation frequency f 0 = 11 GHz were 8 dB and the dimensions of printed circuit board were 29 × 75 mm (1.06 × 2.75λ 0 ).
CONCLUSION
In this paper the numerical and experimental investigations of fourport circulator utilizing single cylindrical ferrite coupled CFCL line junction were presented for the first time. The investigated structure of circulator was obtained by cascading magic-T junction with cylindrical ferrite junction and output transformer from cylindrical coupled slotlines to uncoupled planar microstrip lines. Due to the cylindrical geometry of junction the new type of multilayer magic-T junction and output transformer were developed. Moreover, in order to efficiently and accurately analyze CFCL junction the hybrid FDFD/MoM/MM technique was proposed. The designed structure of circulator was fabricated and measured. A good agreement between simulated results and measured ones was obtained. 
